ABSTRACT. Animal manure contains nutrients [primarily nitrogen (N) 
nimal manure contains nutrients [primarily nitrogen (N) and phosphorus (P)] and organic material that are beneficial to crops. Unfortunately, the concentrations of those nutrients are too low to make transportation of bulk manures over large distances economically viable, and since dairy manure (and swine manure as well) is typically in slurry form, it must be transported in tanks, making it inconvenient to be hauled as well. For those reasons, dairy manure tends to be applied to soils near where it is generated. Over time, since P is a conservative element relative to N and the N:P ratio in dairy manure is low, usually between 2:1 and 10:1 Labosky, 2012, 2013) , P concentrations in soils where dairy manure is applied is often in excess of crop demands (Sharpley et al., 1994) . Due to increasing problems with eutrophication of streams and other water bodies, and the implication that P runoff from agricultural operations plays an important part in that eutrophication, farmers are experiencing increasing pressures and regulation to not apply animal manures to fields that are already overloaded with P (Kleinman et al., 2012) .
We previously described an invention intended to be a solution to the P overloading that happens when unnecessary P is added to agricultural soils (Church, et al., 2016 (Church, et al., , 2017 and to be scalable such that it can be used as a mobile system. We have subsequently built a full-scale version of a MAnure PHosphorus EXtraction (MAPHEX) system capable of removing greater than 90% of the P from manures ( fig. 1 ). While originally designed to remove phosphorus, we postulated that the MAPHEX System was also capable of removing odor and microbes, as well as removing and concentrating alkalinity into a solid, more economically transported form. In this study, we sought to test the versatility of this full-scale system by performing tests on four commercial dairy farms that were representative of a wide range of manures and manure management systems.
MATERIALS AND METHODS

THE MAPHEX SYSTEM
The full-scale MAPHEX System ( fig. 1 ) consists of components to perform: a) an initial liquid-solid separation step broken into two stages, b) chemical treatment, and c) a final liquid-solid separation step using an AutoVac, as well as ancillary components (pumps, piping, etc.) . Manure slurry is pumped through the system where manure particulate and P is removed at each of the liquid-solid separation steps. a) Initial Liquid-Solid Separation. The initial liquid-solid separation can be done in either one or two stages, depending upon the intended use of the solids and the farm's needs, but it is critical that the overall process leaves only particles smaller than 30 μm diameter in the liquid effluent for the following chemical treatment to be effective. In the full-scale MAPHEX System, we use two stages of liquid-solid separation, removing the bulk solids from dairy manure with an auger press (Neptune Enterprises, Richland Center, Wis.) and then removing the medium-sized particles (down to about 25 μm diameter) with a decanter centrifuge (Sharples P-3400, Alfa Laval, Lund, Sweden). The reason for using two stages is so that the bulk solids removed by the auger press, which are low in P relative to the other two solids generated by the system, can be left behind on the farm to be composted and used as bedding material. For farms that do not use the compost for bedding, the bulk solids could be blended with the other solids from the system and sold as fertilizer after composting. Alternatively, the MAPHEX System is designed so that the auger press can be eliminated from the system for those farms that would not utilize the bulk solids or have their own means of separating out those solids, and for farms that have a centrifuge, the system is designed to divert the farm's centrifuge effluent directly to the chemical treatment step. b) Chemical Treatment. After the initial liquid-solid separation step, the liquids were subjected to chemical treatment [3.0 g l -1
Fe 2 (SO 4 ) 3 ] to coagulate the particles and to transform dissolved P (primarily orthophosphate) into a solid form that can be removed in the final liquid solid-separation step. This treatment can either be done in batch mode in tanks, or could be accomplished by injecting the chemicals into the liquid stream. c) Final Liquid-Solid Separation. The final liquid-solid separation removes the P converted in the chemical treatment step along with the fine solids (those between 0.5 and 25 µm diameter). The only existing technology we identified that was capable of performing this step while simultaneously yielding a stackable solid was an AutoVac ® AV660 unit manufactured by ALAR Engineering Corporation (Mokena, Ill.) . This unit uses a rotating drum of diatomaceous earth (DE) that has pore spaces of approximately 0.5 µm and is designed so that the filtration surface is constantly renewed.
MANURES TESTED
In order to demonstrate the versatility of the MAPHEX System, we purposely chose to use farms that varied widely in herd size, bedding type used, and in the existing methods of manure treatment and handling so as to represent manures common throughout the dairy industry. Herd size ranged from 90 to 5500 milking cows, bedding on the farms was either fresh sawdust or composted manure, and existing manure treatment on the farms ranged from storage only (the 90-cow farm), to bulk liquid-solid separation aimed at bedding recovery (the 2700-cow farm), to anaerobic digestion followed by bulk liquid-solid separation for bedding recovery (the 5500-cow farm). In cases where the existing technology performed a similar function as components of the MAPHEX System (such as bulk liquidsolid separation), we bypassed that component of the MAPHEX System, and fed the effluent from the farms treatment technology directly to the next component of the MAPHEX System.
90-Cow Dairy
The MAPHEX System was used to treat manure on a dairy farm in eastern Pennsylvania with 90 lactating Holstein dairy cows housed in a free stall barn with slots in the floor allowing manure to fall directly into the manure storage pit below the barn. Manure from an attached free stall barn housing 40 non-lactating cows is also regularly scraped into the pit. All free stalls are regularly bedded with fresh sawdust. Wash water from the milking parlor is stored underneath a slotted floor in the holding pen outside the milking parlor. This is pumped to the storage pit when the pit is full. Dairy manure was pumped directly from the manure storage pit (22-25 May 2017) into the two auger presses of the MAPHEX System. Liquid effluent from the auger presses (minus the rejected solids) gravity fed into a holding tank and were subsequently pumped through the complete MAPHEX System.
150-Cow Dairy
Manure slurry was obtained from a dairy farm in central Pennsylvania with 150 lactating Holstein dairy cows housed in a free stall barn that was regularly bedded with coarse wood chips. Dairy manure was scraped daily into a holding pit and water was added once per week to the pit to transfer manure to an aboveground slurry holding tank.
Manure from the open slurry holding tank was agitated for approximately 24 h, then was transferred to a 8,800 L recirculating tanker (29 August 2017) and transported offsite for use as source for the MAPHEX System.
2700-Cow Dairy
The dairy on which we treated manure was located in central Pennsylvania and had approximately 2700 lactating Holstein dairy cows housed in free stall barns. Manure from the barns was scraped into a holding pit, where water was added and was transferred continually to an open holding tank, where it was fed continually to an on-farm screw press for liquid-solid separation. Since the screw press performs much the same function as our auger presses, manure from the holding tank after the screw press was pumped directly into the centrifuge of the MAPHEX system for testing on 20-23 June 2017. One major difference in this dairy's manure treatment compared to the other two dairies is that they amend their solids from the screw press with lime for bacterial control during composting for use as bedding. The added lime results in manure slurry with an elevated alkalinity when portions of those amended solids inevitably end up back in the manure slurry. This farm requested that we also try to recover some of this alkalinity in a solid form which would be beneficial to them. Alkalinity recovery testing was performed as described above on 15 May 2017.
5500-Cow Dairy
The largest dairy from which we used manure was located in eastern Wisconsin and had approximately 5500 lactating Holstein dairy cows housed in free stall barns. Manure from the barns was scraped into a holding pit and mixed with dairy parlor wash before being fed into a large underground anaerobic digester. Manure leaving the digester was fed to an on-farm screw press for solids removal and fed down a pipe to a storage lagoon. Manure from this pipe was pumped directly into the centrifuge of the MAPHEX system for testing on 11-13 July 2017.
SAMPLE COLLECTION/PRESERVATION AND LABORATORY ANALYSIS Sample Collection and Preservation
Samples were taken of the raw dairy manure slurry, and of effluents and solids removed by the liquid-solid separation steps to test for solids content and P and N concentrations (discussed below). Raw manure slurry samples were collected from a well-stirred tank or lagoon, while effluent and solid reject samples were collected periodically during the operation of the MAPHEX System. All samples were stored at 4°C until analyzed.
EPA 3050b P Determination
Samples were subjected to EPA 3050B extraction for P and Kjeldahl digest N (TKN) analysis. Briefly, manure slurries and solids were extracted with aqua regia and hydrogen peroxide following a modified EPA Standard Method 3050B (Kimbrough and Wakakuwa, 1989) . Solids were oven dried at 110°C for 16 h to determine solids content, but were digested wet, such that the sample size contained 0.5 g of solid material. Liquid effluents were treated as water samples using 10 mL of sample. Following dilution to final volumes and filtration (Whatman No. 1), P analysis was then performed on all extracts using an inductively coupled optical emission spectrophotometer (ICP-OES, Varian).
Kjeldahl Digest N Determination
Extractions were also carried out for Total Kjeldahl N (TKN) determination (Gallaher et al., 1976; Peters, 2003) . Briefly, a 0.5 g solids-weight of material was weighed into digestion tubes and 3.5 g K 2 SO 4 , 0.4 g CuSO 4 , and 7 mL of concentrated sulfuric acid were added. The sample was then digested at 375°C for 2 h and diluted to final volume. After filtration (Whatman No. 1), N analysis was then performed by Quick Chem Method 10-107-06-2-H (Lachat Instruments, 2003) .
Calcium Carbonate Equivalent Determination
Alkalinity was tested upon the request of one of the farms (2700-cow dairy) to determine if the MAPHEX System could isolate a solid material that had a high concentration of P that also had high alkalinity, as they had a specific use in mind for such a solid. To make this determination, raw manure samples and samples from effluents and rejects of various stages of the MAPHEX System were preserved on ice and delivered to the Pennsylvania State University's Agricultural Analytical Services Laboratory within 24 h of collection. Samples were analyzed for alkalinity by titration by ASTM Standard Methods (ASTM C25, 1999) , and expressed as Calcium Carbonate Equivalence.
Microbial Determination
At two of the farms (the 90-and 2700-cow dairies) samples were taken to test for reduction of Total Coliforms and E. coli. Raw manure and MAPHEX final effluent samples were preserved on ice, subjected to serial dilution, and delivered to the Pennsylvania State University's Agricultural Analytical Services Laboratory within 24 h of collection. Most probable number determinations for Total Coliforms and E. coli were performed using Quantitray/2000 (Quantitray/2000 (Quantitray/ , 2013 trays and Most Probable Number Table using a standard methodology outlined by the manufacturer (Idexx, Westbrook, Maine).
Odor Determination
At two of the farms (the 90-and 2700-cow dairies) samples were taken to test for odor reduction by the MAPHEX System. Raw manure, solid rejects, and liquid effluent samples were preserved on ice and delivered to the Pennsylvania State University's Odor Assessment Laboratory within 5 h of collection. Upon receiving the samples, 400 g of each material, as well as a blank odor sample (400 g distilled water), were placed in separate glass vessels and brought to 20°C in a water bath. Air samples were collected in 10-L Teflon bags from the headspace of each sample vessel using a steady state flux chamber system. Vessel headspaces were subjected to a sweep airflow rate of 2 L/min until three to five headspace volume exchanges occurred prior to sample collection. Detection threshold (DT) levels were recorded for each sample (presented in random order) by least five certified odor assessors for each sample on the same day of collection of the headspace air sample per standardized methods (St. Croix Sensory, 2003) .
DATA ANALYSIS
Nutrient removal efficiencies were determined from a mass balance approach comparing influent loads with observed loads in effluent liquids and solid rejects at each step of the manure treatment process, where samples were taken at a minimum of 30 min apart during a days testing. Means and standard errors reported were calculated by an Excel spreadsheet. Standard errors and groupings noted in odor threshold assessment were calculated by SigmaPlot.
RESULTS AND DISCUSSION PHOSPHORUS AND SOLIDS REMOVAL
Overall P removal ranged from 90% to 93% removal for all farms tested (table 1), while N removal was less than 8% (mass basis) for all farms (data not shown). In all cases, solids removed from the manure slurry by various machinery were stackable, containing between 70% and 75% moisture. Phosphorus removal in bulk solids by existing farm screw presses accounted for 16% and 17% at the 5500-and 2700-cow dairies, respectively, while P removal by the MAPHEX auger press was slightly lower at 15% on the 90-cow farm and considerably lower (9%) on the 150-cow farm, presumably due to high influent flow to the press. Note also that this is consistent with the relative amount of solids removed at the corresponding farms. Also note that the concentrations in the auger press effluent relative to the raw manure actually increased for the two farms that bed on fresh sawdust and wood chips (the 90-and 150-cow farms) instead of manure compost due to the solids removed having a much lower P concentration than the liquid fraction.
Further inspection of the data suggests that the centrifuge may not have been operated in an optimal way during the onsite testing at the 90-and 2700-cow farms. This is evidenced in the low values of P removed by the centrifuge (15% and 21%) compared to the other farms (31% and 32%). This suggests that, in our testing, the manure flow to the centrifuge of 150 L min -1 as opposed to 95 L min -1 at the other two farms was actually higher than optimal and resulted in less P being removed by the centrifuge than otherwise may have. Despite the differences seen in centrifuge P removal, and the varying P concentration fed to the AutoVac ® at the different farms, it was capable of removing most of the remaining P (from 43% to 61%).
ALKALINITY CONCENTRATION AND RECOVERY
As previously mentioned, the 2700-cow dairy uses a McClanahan screen separator followed by a screw press to recover manure solids as bedding, amending with large amounts of lime to control bacteria. While they find this beneficial for herd health, their current system has large amounts of lime (alkalinity) and phosphorus (P) in their screw press effluent, resulting in pH and P build up on the surface of their soils when spread. They also had additional fields, remote from the dairy barns, needing both alkalinity and P amendment. At their request, we sought to determine whether alkalinity (expressed as Calcium Carbonate Equivalent, CCE) and P could be recovered in a solid, compact, easily transported and spreadable form.
While the AutoVac ® showed superior recovery of alkalinity (44%) compared to the centrifuge solids (Table  2) , recovery and re-use of the DE contained in those solids is preferable to spreading on fields in order to reduce daily operating costs. However, on-site MAPHEX testing revealed that, at least 22% additional alkalinity and 21% P could be economically recovered as a solid from dairy manure slurry using a decanter centrifuge after the farm's existing screw press (tables 1 and 2). These centrifuge solids could likely be applied using a wet lime spreader, resulting in greater opportunities for land application across their extensive operation (~1000 acres cannot currently receive manure due to distance and accessibility). Furthermore, the data suggests that if the centrifuge had been operated with a lower inflow rate (discussed previously), both P and alkalinity recovery by the centrifuge would be significantly higher.
Microbial Reduction
Onsite testing showed that the approximate 0.5 µm pore size of the AutoVac ® diatomaceous earth filter used in the MAPHEX System was also capable of removing total coliforms and E. Coli from dairy manures. The most probable numbers of total coliforms were reduced by 84% and 79%, respectively, at the 90-and 2700-cow dairies, while E. coli most probable numbers were reduced by 86% and 80%, respectively (table 3) . This is likely due to a combination of bacterial size in comparison to the pore size of the filter, and the bacteria's preferential attachment to manure particles.
Odor Reduction
An ongoing concern that dairies face when spreading manure near towns or other urban developments is complaints about odor from their neighbors. Therefore, any reduction in the odor of manure that is spread on fields is welcome. We found that all the products from the MAPHEX system had significantly less odor than raw manure ( fig. 2) , and that the product with the largest volume by far (the AutoVac ® , or 'DE' Effluent) had a detection threshold of about half that of raw manure. This reduction in odor is also likely due to the way the AutoVac ® operates. Manure effluent is pulled through the diatomaceaous earth filter to the interior of the drum and then runs down the inside of the drum in a thin sheet. The high surface area relative to the volume of this thin sheet, coupled by the approximate 22 mm of vacuum pressure on the interior of the drum allows volatile odiferous compounds to escape the liquid and be vented into the atmosphere near the source of manure rather than be widely spread on receiving fields.
IMPLICATIONS
The MAPHEX System was shown to remove greater than 90% of the phosphorus from a wide range of dairy manures while retaining greater than 90% N in the effluent for the beneficial use by the farmer. This resulting final effluent can be beneficially used for fertigation, as most of the negative aspects of raw manure have been reduced.
The solids removed by each stage of the MAPHEX System also have beneficial uses. Bulk solids (typically about 80% of total solids) removed by the MAPHEX System auger presses or by on-farm screw presses contain relatively low amounts of P (9%-17% in this study), and are often a valuable resource to farmers to use as composted bedding material. The centrifuge and AutoVac ® solids (each about 10% of total solids) contain considerably higher amounts of P (21%-32% and 43%-53%, respectively, in this study). These high P solids also have multiple potential uses that are beneficial, including: 1) The dairy farmers themselves. Concentrating manure phosphorus into a more compact form cuts their fuel costs considerably, allowing them to economically transport phosphorus to fields far from the dairy that need phosphorus, while allowing the much greater volume of liquid to be applied to fields close to the dairy that need nitrogen but over the course of time have become saturated with phosphorus. This option does not remove phosphorus from the watershed, but does provide for phosphorus to be applied on soils that are more likely to retain it. 2) Nursery and mushroom industries. Reports from dairies that have an operating centrifuge indicate that the centrifuge solids are a highly sought-after commodity by nurseries and mushroom farmers. This would also be true of the AutoVac ® solids produced by MAPHEX, which have the added benefits associated with diatomaceous earth. 3) Local organic farmers. Composted solids from MAPHEX would make an ideal organic soil amendment. 4) Retail. Composted and bagged, MAPHEX solids can be sold in garden centers similar to composted steer manure. 5) Energy generation. Once the solids are dried to about 30% moisture, they make an ideal feedstock for energy generation. This option also concentrates the phosphorus into a very compact form (residual ash) that can serve as a highly compact form of phosphorus and trace element fertilizer. The full-scale MAPHEX System showed high versatility in treating manures from farms that varied widely in herd size, bedding type used, and in the existing methods of manure treatment and handling. For farms that had manure treatment analogous to some components of the MAPHEX System, that component was simply bypassed, with the farms effluent being pumped directly to the next component of the system. In addition to that, the study showed that the system is also capable of concentrating and recovering alkalinity from manures, while also removing a significant amount of microbes and odor from the effluent.
